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In the last few years, protein and chemical microarrays have emerged as two important tools in the ﬁeld of proteomics. Speciﬁc
proteins, antibodies, small molecule compounds, peptides, and carbohydrates can now be immobilized on solid surfaces to form
high-density microarrays. Depending on their chemical nature, immobilization of these molecules on solid support is accomplished
by in situ synthesis, nonspeciﬁc adsorption, speciﬁc binding, nonspeciﬁc chemical ligation, or chemoselective ligation. These arrays
of molecules can then be probed with complex analytes such as serum, total cell extracts, and whole blood. Interactions between the
analytes and the immobilized array of molecules are evaluated with a number of diﬀerent detection systems. In this paper, various
components, methods, and applications of the protein and chemical microarray systems are reviewed.
INTRODUCTION
Chemical array is a form of the combinatorial li-
brary method that was ﬁrst described by Geysen et al in
1984 [1]. Peptides were synthesized on polyethylene pins
in a 96-well footprint and used for B-cell epitope map-
ping. Enzyme-linked immunosorbent assays were used
for such analysis. In 1991, Foder et al of Aﬀymax, Inc
(Palto Alto, Calif) [2] reported the use of photolithog-
raphy in conjunction with light-directed peptide synthe-
sis to generate 1024 peptide on a 1.6-cm2 glass surface
and the use of ﬂuorescent microscopy to analyze interac-
tions between the peptides and ﬂuorescent-labeled anti-
bodies. In 1992, Frank described the synthesis of a pep-
tide array as spots on paper [3]. These three techniques
all use parallel synthesis methods to generate arrays of
peptides that are spatially separable and addressable. The
identityofeachpeptidespotisknownpriortoanybiolog-
ical assay. In 1991, we reported the use of the highly eﬃ-
cient “split-mix” synthesis method to generate “one-bead
one-compound” (OBOC) combinatorial peptide library
(millions of peptides), in which each 80-µm bead dis-
played only one peptide entity [4]. This spatially separa-
ble but nonaddressable peptide microarray or library was
screened with an enzyme-linked colorimetric assay, and
individual color beads were then physically isolated for
microsequencing. These early studies paved the road for
the microarray ﬁeld. In 1994, scientists from Aﬀymetrix
(Santa Clara, Calif), a spin-oﬀ company from Aﬀymax,
reported the use of photolithography/photochemistry ap-
proachestosynthesizetheﬁrstDNAchip[5].Microarrays
of oligonucleotides were synthesized in situ on glass sur-
face, and ﬂuorescent-labeled octanucleotide probes were
used to identify the complementary oligonucleotides on
this 256 array. In 1995, Brown et al introduced a diﬀer-
ent form of a DNA microarray chip by using high-speed
robottospotarrayofdiﬀerentcDNAsontheglasssurface.
Fluorescent-labeled cDNA derived from mRNA of whole
cell lysate was then used to probe the DNA microarray,
allowing determination of expression levels of thousands
of genes simultaneously [6, 7]. Several automatic array-
e r sh a v es i n c eb e c o m ec o m m e r c i a l l ya v a i l a b l e .T h es u c -
cessful application of DNA microarrays to gene expres-
sion analysis [8, 9, 10], genetic diagnosis [11], and drug
target identiﬁcation [12], and the rapid development of
the proteomics ﬁeld have propelled many to think about
the use of protein or chemical microarray as an eﬃcient
tool to evaluate the function of complex protein mixtures.
In the last few years, several groups independently devel-
oped diﬀerent chemical and protein microarray methods
andappliedthemtostudyvariousbiologicalandchemical
problems [13, 14]. In this review, we will give an overview
in the ﬁeld and highlight recent developments.
TYPES OF MICROARRAY
Microarray,sometimesreferredtoasachiporarrayed
library, can be classiﬁed into two general types: biochips
(biomicroarray) and chemical microarray. Biochips are
usually generated from biochemical or biological com-
ponents, such as, protein (including enzymes and anti-
bodies), DNA, cell [15], and tissue [16]. Chemical mi-
croarrays consist of arrays of organic compounds includ-
ing small organic molecules, peptides, and sugars. Based258 Q. Xu and K. S. Lam 2003:5 (2003)
on how chemical microarrays are constructed, they can
also be categorized as in situ synthesis array and spotting
array. The chemistry of the in situ synthesis approach is
more limited, particularly when photochemical reaction
is a required synthetic step. As a result, only oligomeric
molecules such as oligonucleotides or peptides are used
in the in situ synthesis array. A spotting array refers to an
array of compounds that are presynthesized and directly
transferred and immobilized on a solid surface. This ap-
proach is more versatile and can be applied to generate a
microarray of almost any molecules.
IN SITU SYNTHESIS MICROARRAY APPROACH
Two typical in situ synthesis approaches are SPOT-
synthesis [3] and light-directed parallel synthesis [2]. The
SPOT-synthesis method involves parallel peptide synthe-
sis on membrane or paper. In this method, a small vol-
ume of solutions containing Fmoc-amino acids plus cou-
pling reagents is dispensed onto the designated spot on
the membrane. After the coupling reaction is complete,
the whole membrane is washed and the N-terminal pro-
tecting group is deprotected prior to the next coupling cy-
cle. Limited by possibility of contamination by reagents
from adjacent spots, the distance between each spot can-
not be too small. This results in a rather low-density array
(eg, 25spots/cm2). Production of peptide arrays with this
technology has been reviewed recently [17]. Automated
SPOT-synthesizers, such as the Auto-Spot Robot ASP222
(Intavis Inc, Germany), are now commercially available.
The light-directed in situ synthesis was initially devel-
oped for peptide synthesis [2]b u th a sn o wb e e nw i d e l y
used for the synthesis of DNA microarrays. The commer-
cially available Aﬀymetrix chips are prepared by this ap-
proach. Figure 1 depicts the deprotection chemistries of
light-directedparallelsynthesis.Theoriginalmethoduses
aminoacidswithaphotolabileprotectinggroup(egnitro-
veratryloxycarbonyl,NVOC)asbuildingblocks,andpho-
tolithographic method with appropriate masks is used to
spatially deprotect the N-terminal protecting group dur-
ing peptide synthesis. This approach was later adapted to
oligonucleotide synthesis [5, 6]. In 1996, McGall et al re-
ported a new photolithographic masking method that in-
volves the use of a polymeric photoresistant ﬁlm to con-
struct a pattern onto the glass surface [18]. The patterned
photoresistant ﬁlm is used to mask selected regions of
thesubstratefromexposuretostandardchemicalreagents
during synthesis. The main advantage of this approach is
that the resolution is superior, and therefore the density
of the microarray can increase signiﬁcantly.
Instead of using photolithographic masks, Singh-
Gasson et al [19], reported a maskless light-directed ar-
ray synthesizer, which utilizes a digital micromirror de-
vice consisting of a 600 × 800 array of micromirrors to
form virtual masks. With 1 : 1 imaging, the synthesizer
can produce 480,000 pixels of synthetic oligomers in a
10×14mm area. A similar maskless microarray setup was
also reported by Gao et al to synthesize oligonucleotide
[20] and peptide [21] microarrays. However, this method
is unique in that it uses light to generate acid in situ to
deprotect the acid labile protecting groups of the grow-
ing chain (4,4 -dimethoxytrityl (DMT) for nucleotides or
Boc for amino acids, Figure 1) instead of using photola-
bile protecting groups. As a result, commercially available
standard building blocks for both peptide and oligonu-
cleotide synthesis can be used with this method.
SPOTTING MICROARRAY APPROACH
As previously indicated, in situ synthesis methods
are mainly used to generate arrays of oligomeric com-
pounds such as oligonucleotide and peptides. In contrast,
the spotting microarray approach, in conjunction with a
properimmobilizationmethod,cangeneratemanycopies
of the same chip more eﬃciently since the compounds
need to be synthesized only once. Although macro-
molecules such as proteins, DNA, and larger peptides can
easilybeadsorbedontosolidsurfacethroughnoncovalent
interactions, immobilization of small organic molecules,
short peptides, or simple sugars will require covalent at-
tachment, preferably through chemoselective site-speciﬁc
ligation.
IMMOBILIZATION VIA PHYSICAL ADSORPTION
The ﬁrst and simplest type of immobilization is
through surface adsorption. This approach is particu-
larly useful for proteins, and it has been used in stan-
dard ELISA, dot blot, and Western blot for many years.
The commonly used solid supports are hydrophobic plas-
tics such as polystyrene. Protein microarrays have also
been generated on an aminosilane cationic surface [22],
n i t r o c e l l u l o s em e m b r a n e[ 23], and Hybond ECL mem-
brane [24, 25]. Through adsorption, Wang et al have
prepared carbohydrate arrays on nitrocellulose bonded
slides [26]. They discovered that the eﬃciency of ad-
sorption of dextran to nitrocellulose increases with size.
The 2000-kd dextran bound signiﬁcantly stronger than
the 20-kd dextran. Wang et al [27] have used HydroGel-
coated slides for arraying 43 monoclonal antibodies
(mAb) against cytokines and chemokines, and used a
ﬂuorescence-based multiplexed immunoassays to quanti-
tatetheleveloftheseproteins.Wespottedpeptide-protein
and peptide-agarose conjugates on polystyrene slide as
a way to display peptides (Xu and Lam et al, unpub-
lished data, May 2003). Fang et al [28] have developed
a membrane protein microarray by spotting cell mem-
brane preparations containing G-protein-coupled recep-
tors on γ-aminopropylsilane-derivatized glass or gold-
coated glass surface.
IMMOBILIZATION VIA SPECIFIC SURFACE
INTERACTION
In addition to immobilization via nonspeciﬁc physi-
cal adsorption, molecules can be tagged and immobilized2003:5 (2003) Protein and Chemical Microarrays—Powerful Tools for Proteomics 259
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Figure 1. Deprotection chemistry in two approaches of light-directed parallel synthesis.
through speciﬁc noncovalent interactions between the tag
and the already immobilized capturing molecule for the
tag. A typical example is the biotin-streptavidin system
for immobilizing biotinylated proteins onto streptavidin-
coated surfaces [29]. Likewise, a small molecule can
also be biotinylated and printed onto a surface that
has been precoated with a monolayer of streptavidin
or neutravidin. Neutravidin is sometimes preferred as
it has less nonspeciﬁc interaction with other proteins.
We were able to successfully print a microarray of bi-
otinylated synthetic peptides onto a neutravidin-coated
polystyrene microscope slide using a Wittech 03 arrayer
(Wittech, Inc, Taiwan) [30]. Lesaicherre et al have re-
cently reported [31] the derivatization of glass slides with
avidin for immobilization of biotinylated peptides. The
poly-His-Ni2+ system has also been reported for pro-
tein microarray [32]. In this method, proteins contain-
ing a poly-histidine tag were printed onto Ni2+-chelating
surfaces. Another approach is to use anti-GST anti-
body or glutathione-coated slides to capture a series of
GST-fusion proteins. Boronic acid groups are known
to form very stable complex with some moieties such
as cis or coaxial 1,2-diol. Immobilized phenylboronic
acids have been used in chromatography [33]a n dp r o -
tein immobilization [34]. Similar strategies can, in prin-
ciple, be applied to protein or chemical microarrays as
well.
IMMOBILIZATION VIA COVALENT ATTACHMENT
Although nonspeciﬁc physical adsorption has been
used successfully for generating a microarray of macro-
molecules, this approach is less useful for the prepa-
ration of small molecule or small peptide microarrays.
These small molecules can be conjugated to a tag which
in turn binds to the immobilized capturing agent (see
above). Alternatively, they can be immobilized via cova-
lent attachment to a functional group on the solid sur-
face. Figures 2 and 3 summarize some of the common
chemistries used in generating microarrays by covalent
attachment. Chemical modiﬁcation of the solid surface
is necessary to create functional groups for covalent im-
mobilization and to achieve homogeneous immobiliza-
tion. Commercially available aldehyde-derivatized glass
slides that have been used for DNA immobilization can
also be used for protein microarrays [35]. The aldehyde
groups on the glass surface react with primary amines on
the protein to form Schiﬀ’s base linkages. BSA is used to
block the remaining unreacted aldehyde groups or other
nonspeciﬁc binding sites. Zhu et al [32, 36]h a v ed e -
scribed the use of a 3-glycidoxypropyltrimethoxysilane
(GPTS) to activate polydimethylsiloxane (PDMS) on the
slide surface prior to protein immobilization. Lin et al
have reported [37] the printing of protein microarrays on
an aminopropyltrimethoxysilane surface activated with260 Q. Xu and K. S. Lam 2003:5 (2003)
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Figure 2. Chemistries of covalent immobilization (nonselective
ligation).
bis-sulfosuccinimidyl suberate. Furthermore, Benters et
al [38] have demonstrated the use of succinimidyl ester-
or isocyanate-functionalized dendrimer on a solid surface
for nucleic acid and protein microarrays.
Immobilization of small molecules or short peptides
often requires covalent linkage of the compounds onto
the solid support. Michael addition has been used by
Schreiber’sgrouptoligatethiol-containingcompoundsto
maleimide-derivatized glass slides to form a microarray
R O N
O
RO N H 2
CHO
O
R Cys
O
S
N
O
R
(a) Glyoxylyl/NH2O, N-terminal Cys [42, 43].
O O
O
S
NH2 Cys R
NH2 Cys
S
R
O
O O
(b) Quinine/cyclodiene [44].
R
SH
O
N
O
R Cys S
O
(c) Thioester/N-terminal Cys [31].
Figure 3. Chemistries of covalent immobilization (chemoselec-
tive ligation).
of small molecules [39]. They have also described [40] the
covalentattachmentofalcohol-containingsmallmolecule
compounds onto chlorinated glass slides. In covalent im-
mobilization of molecules, the site of ligation is often im-
portant, especially for molecules containing multiple bi-
ologically important functional groups. For example, if
a peptide requires its free amino and sulfhydryl group
to be biologically active, ligation with standard alde-
hyde, N-hydroxyl succimide, isocyanate, or maleimide
chemistries will not work. Carlson and Beal [41]h a v eo b -
served that the attachment point of immobilized peptide-
acridine conjugates signiﬁcantly aﬀects RNA binding. In
our group, we have applied the highly selective chemos-
elective ligation reaction to covalently attach peptides or
small molecules onto the glyoxylyl-derivatized glass slide
via oxime bond or thiazolidine ring formation [42]. With
this chemoselective ligation method, peptides or small
molecules are immobilized on the solid support at a pre-
determined site (aminoxyl or 1,2 aminothiol functional
groups), and other α-amino groups, ε-amino groups,
or isolated thiol groups present in the molecules will2003:5 (2003) Protein and Chemical Microarrays—Powerful Tools for Proteomics 261
not react. This eliminates the risk of inactivating the
compounds during immobilization. We have recently re-
ported a new strategy to signiﬁcantly improve the load-
ing of glyoxylyl groups onto glass surfaces by using acrylic
acid as a starting material [43]. Further improvement of
loading can be accomplished by adding hydrophilic link-
ersandbifurcatingaminoacidssuchaslysinebetweenthe
glyoxylyl group and the glass surface (Xu and Lam, May
2002). Lesaicherre et al [31] have recently reported the
derivatization of glass slides with thioester for chemos-
elective ligation of peptides with an N-terminal cysteine
(1,2 aminothiol group) to form an amide bond. House-
man et al [44] have described a peptide chip prepared by
the Diels-Alder-mediated immobilization of peptides on
thequinone-functionalizedsurfaces.Inthismethod, acy-
clodiene moiety is incorporated into peptides for the pur-
pose of immobilization. As an alternative to immobilizing
peptide-protein conjugates onto plastic slides via physical
adsorption, we have used a chemically derivatized protein
scaﬀold(eg,glyoxylyl-functionalizedBSA)toﬁrstcoatthe
polystyrene slide via nonspeciﬁc adsorption. Peptides or
small molecules are then printed onto the functionalized
protein-coated slides. After incubation, these compounds
areimmobilizedontothecoatingsurfaceviaasite-speciﬁc
ligation reaction. In some applications, immobilization of
the ligand onto the glass surface via a long hydrophilic
linkeroraproteinmaybebeneﬁcialforbiologicalactivity.
For example, we have found that a long linker is needed
for phosphorylation of a peptide substrate by p60c-src pro-
tein tyrosine kinase [42].
CD, MICROFLUIDICS, MULTIPLEX-BEADS, AND
FIBER-OPTIC MICROARRAYS
Kido et al [45] have developed a compact disc-based
microarray system for immunoassays, which uses a piezo-
electric inkjet applicator to generate a high-density anti-
gen microarray (75-µm spot) on a polycarbonate disc.
Competitive inhibition immunoassays with ﬂuorescent
antibodies are performed on the disc, and the ﬁnal read-
out is accomplished with a commercially available ﬂuo-
rescence scanner.
Microﬂuidics is another format of microarray that is
based on microchannel systems. Shi et al [46]h a v ed e -
veloped a radial capillary array electrophoresis microplate
system,whichconsistsof96separatemicrofabricatedsep-
aration channels that connect a central common anode
reservoir to 96 injectors at the perimeter of the 10-cm
diameter wafer. A laser-excited rotary confocal scanner
with four-color detection channels is used for detection.
A high-quality restriction map of the 96 samples can be
obtained in less than 120seconds with this device.
Han et al have described [47] the development of
quantum-dot-tagged microbeads for multiplexed optical
coding of biomolecules. This group immobilizes diﬀer-
ent peptides, proteins, or nucleic acids on various sam-
ples of microbeads into which diﬀerent-size hydrophobic
quantum dots are embedded. These quantum-dot-tagged
microbeads are used in suspension in conjunction with
ﬂow cytometry to track the identity of the immobilized
molecules when mixed with the analytes. These investiga-
tors have used DNA hybridization studies to demonstrate
that the coding and target signals can be read at a single
bead level simultaneously. Similar technology using tradi-
t i o n a lﬂ u o r o p h o r e st oe n c o d em i c r o b e a d sh a sb e e nc o m -
mercialized by Luminex (Austin, Tex).
Walt has pioneered the ﬁber-optic microarray biosen-
sor technology, which is commercially known as Illumina
BeadArray [48]. It involves the patterning of an array of
wells at the tip of an optical imaging ﬁber bundle. The
depth of each well can be controlled by etching time and
the concentration of hydroﬂuoric acid used. The ﬁber-
optic tip is then dipped into a suspension of a library
of OBOC expressing microbeads (3 micron diameter).
The chemicals on the microbeads can be synthesized by
“split-mix” synthesis or through parallel synthesis. Alter-
natively,proteinscanbeadsorbedonthebeadsinparallel.
Through surface tension, each of the microwells is ﬁlled
with just one microbead. This random microbead array is
decoded[49] fora speciﬁcapplication,prior toanalysisof
unknown samples. This technology has been applied for
the detection of a variety of analytes ranging from DNA
to organic vapors [50, 51, 52]. One major advantage of
this method is that the packing density of the array is ex-
tremely high with center-to-center distance of each bead
at 5µm. However, the necessary decoding step is a major
drawback.
PRINTING METHODS AND INSTRUMENTATION
Photolithography, mechanical microspotting, and
inkjet application are the three general methods for mi-
croarray printing. The mask and maskless photolithog-
raphy methods [3, 19, 20, 21] that involve in situ light-
directed synthesis of oligomers can generate high-quality,
high-density microarrays. The mechanical spotting (or
surface contact) technique uses a pin to transfer liq-
uid samples to the slides by direct surface contact. The
pin-ring technique (eg, GSM 417 arrayer, Aﬀymetrix)
and the stamp microcontact technique (eg, SpotBot Per-
sonal Microarrayer, TeleChem International, Inc, Sunny-
vale, Calif) allow for fairly reproducibly sized spots. The
inkjet method employs an electric current to dispense the
liquid sample onto the solid support. This noncontact
piezoelectric technique accurately and rapidly dispenses
monodisperse droplets.Moermanetal[53]ha v er epo rt ed
the use of electrospraying in a stable cone-jet mode to
generate a highly reproducible spot of biological mate-
rial 130–350µm in diameter, and as small as 50pL. More
recently, Avseenko et al [54] have used the electrospray
methodtodepositdryproteinontoadextran-graftedsur-
face, followed by incubation in a 100% humidity cham-
ber. This method was able to generate a 0.6×0.6mm 2 ar-
raywitheachspot30–40µmindiameterandconsistingof
28 diﬀerent protein antigens and allergens. Ringeisen et al
[55] have utilized a laser transfer technique, which allows262 Q. Xu and K. S. Lam 2003:5 (2003)
accurate deposition of picoliter volumes of active proteins
onto standard microarray substrates.
MICROARRAY APPLICATION
Table 1 summarizes the various aspects of the mi-
croarray technology: attachment chemistries, immobi-
lized molecules, analytes, and detection methods. In most
cases, the analytes that have been used to probe the mi-
croarray are complex mixtures of molecules: for exam-
ple, mRNA or cDNA preparations, total cell extracts or
intact cells, complex protein mixtures, body ﬂuids such
as serum or whole blood, fermentation broths, environ-
mentalsamples, ormicroorganisms.Insome cases,apure
protein, such as a protein kinase or a protease, is used
to probe the peptide microarray to determine the sub-
strate proﬁle of these enzymes. Protein microarrays are
frequently used to study diﬀerent protein functions such
as protein-protein interactions. Zhu et al [32] have identi-
ﬁed many new calmodulin- and phospholipid-interacting
proteins through assaying a microarray of 5800 yeast pro-
teins using known proteins and phospholipids as probes.
Similar technique was also used to evaluate protein sub-
strate proﬁle of 119 yeast protein kinases [36]. Sreeku-
mar et al [56] have applied protein microarrays to dis-
cover novel radiation-regulated proteins. Huang et al [25]
have used antibody arrays to quantitate a large number of
diﬀerent cytokines from sera and culture media. Kneze-
vic et al [57] have reported antibody microarrays to an-
alyze protein expression in cancer tissue of the oral cav-
ity. Ziauddin and Sabatini have reported the use of plas-
mid DNA microarray to transfect cells in situ to form a
new cell microarray with newly expressed proteins en-
coded by the plasmid DNA [15]. The use of protein mi-
croarrays for serum marker detection and discovery us-
ing prostate cancer as a model disease has recently been
reviewed [58]. Mezzasoma et al [59] have reported the
use of microbial antigen arrays to detect serum anti-
bodies against the ToRCH antigens in a panel of char-
acterized human sera. Antibody microarrays have been
used for proteomic proﬁling of the cancer microenviron-
ment [57]. Paweletz et al [60] have reported the devel-
opment of the so-called reverse-phase protein microar-
rays to quantitate proteins derived from microdissected
tissues. They have immobilized serial dilution of total
cell lysates from microdissected tissues on nitrocellulose-
coated glass slides and have used diﬀerent enzyme-linked
antibodies to probe speciﬁc proteins or phosphopro-
teins.
Park and Clark [61] have described a sol-gel-encap-
sulated enzyme array to screen biocatalytic activity or
enzyme inhibition. Rakow and Suslick [62]h a v ed e v e l -
oped a colorimetric sensor array for detection of volatile
chemicals at a concentration below two parts per million.
A chemical microarray technique has also been applied
to monitor chemical reactions by determining the enan-
tiomeric excess of thousands of samples [63].
All the assay methods developed for on-bead screen-
ing of OBOC combinatorial libraries [4, 64] are appli-
cable to chemical microarrays. In our laboratory, we use
the OBOC combinatorial library method (100,000 to a
few million diﬀerent compounds per library) to identify
ligands or substrates that are of biological interest. The
positive hits are then resynthesized and spotted in a mi-
croarray format, in multiple replicate sets for subsequent
probing with a number of diﬀerent analytes and under
diﬀerent conditions. In principal, this stepwise approach
will enable us to focus our attention on a ﬁnite num-
ber of ligands that can subsequently be characterized and
developed into a diagnostic chip. For example, we have
used whole cell binding assay to screen random peptide
libraries for leukemia cell binding ligands. The positive
ligands are then resynthesized, immobilized on plastic or
glass slides, and these peptide microarrays can be used to
probe whole blood derived from patients with leukemia
[65]. Our ultimate goal is to develop microarrays of can-
cer targeting peptides that can be probed, allowing physi-
cians to rapidly identify the therapeutic peptide cocktail
eﬀective for a speciﬁc patient. Similarly, we have used an
on-bead functional assay to screen OBOC combinatorial
libraries for protein kinase substrates [66]. Unique pep-
tide substrates for a number of protein kinases have been
identiﬁed using this approach [67, 68, 69, 70]. Immobi-
lization of these peptides with a long hydrophilic linker
to form a peptide microarray, in principle, will enable the
development of protein kinase substrate chips [42]. These
chips can be used to proﬁle the protein kinase activities of
whole cell extracts derived from biopsy samples of cancer
patients. Other groups have also reported the use of pep-
tide array to proﬁle protein kinase activities [31, 44, 71].
METHODS OF DETECTION
Standard immunodetection techniques, such as en-
zyme-linked colorimetric, ﬂuorescent, FRET, chemilumi-
nescence, or luminescence methods, are useful to analyze
chemical microarrays. As mentioned above, arrayed
peptides or protein substrates can be phosphorylated by
protein kinases in the presence of [γ33P]ATP, followed by
detection with autoradiography or by a phosphor imager
[42, 66]. Cell adhesion assays can be performed on a
microarrayanddetectedbymicroscopyusingcellstaining
[42, 65]. One very useful detection method that does not
need reporter systems or tags is surface plasmon reso-
nance (SPR) spectroscopy [72]. SPR applies unlabeled
probes (eg, antibodies, proteins, and drug candidates)
to the surface of a gold-coated glass chip where testing
molecules are immobilized. The chip is scanned from
below by a light beam. The beam is reﬂected back by the
gold layer, and the angle of reﬂection varies according to
the mass of the molecules attached. Compounds captured
by the immobilized array can therefore be located and
quantitated by measuring this angle on each array spot
or every pixel corresponding to the entire surface of the2003:5 (2003) Protein and Chemical Microarrays—Powerful Tools for Proteomics 263
Table 1. Summary of microarray methods and detection techniques.
Attachment chemistries
– In situ synthesis via covalent bond: spot synthesis [3, 17]; light-directed parallel synthesis [2, 19, 20, 21].
– Nonspeciﬁc adsorption: polystyrene or polymer-coated surface [23, 24, 25, 26]; glass surface, and cationic surface amino groups [22].
– Nonspeciﬁc covalent attachment via activated surfaces: aldehyde [35]; succinimidyl ester [37, 38]; isocyanate [38]; glycidoxy [36];
chlorine [40].
– Chemoselective ligation via activated surfaces: glyoxylyl [42, 43]; quinone [44]; thioester [31]; maleimide [39].
Arrayed molecules: mode of immobilization
– Direct link with solid support: DNAs [6, 7]; target proteins [32, 59]; antibodies [6, 19, 25, 20, 57]; alcohol-containing small
molecules [40]; carbohydrates [26]; thiolated small molecules [39].
– Indirect link with solid support via immobilized capturing molecules: anti-tag Ab/tagged-target proteins, streptavidin/biotin-target
proteins, streptavidin/biotin-carbohydrates, streptavidin/biotin-peptides [31, 65, 42]; streptavidin/biotin-organic molecules [42];
glutathione/GST-fusion proteins, Ni/His tag proteins [32]; gold/thiolated DNAs, peptides, and proteins.
Analytes
mRNAs, cDNAs, total cell extract [57]; protein mixture, body ﬂuid, serum [25, 58, 59]; environmental sample [58]; pure enzyme,
microorganisms, and intact cells [42, 65].
Detection methods
Fluorescence, ﬂuorescent-quenching, chemiluminescence, luminescence, FRET, color-dye, enzyme-linked, radiolabel: Phosphoryl
imager or autoradiogram [42]; scintillation proximity [71, 72]; protease activity, protein kinase activity [31, 42, 44, 66, 71];
plasmon resonance spectroscopy [70]; whole cell [42, 61]; and cell function [42].
slide. Furthermore, this technology may also provide
a measure of the aﬃn i t ya sw e l la st h e“ o n ”a n d“ o ﬀ”
rate of binding between the capturing agents and the
captured molecules. Morozov et al [73]h a v ed e s c r i b e d
the use of a charge-coupled device to quantitatively detect
isotope-labeled ligands bound to a protein microarray.
Although it has not been applied in microarray detection,
in principle, a homogenous assay such as scintillation
proximity assay [74, 75] can also be used. In this case the
analyte has to be radiolabeled (eg, by 35S), and the surface
of the slide coated with a layer of scintillant.
PERSPECTIVES AND CHALLENGES
Microarray technologies enable the evaluation of
thousands to tens of thousands of molecular interactions
simultaneously in a high-throughput manner. Microar-
rays have made signiﬁcant impact on biology, medicine,
drug discovery, and many other related ﬁelds and are con-
sidered indispensable in genomic and proteomic research
pursuits. In the ﬁeld of drug discovery, microarray tech-
niques can be utilized to identify drug targets that are
unique to a disease. Chemical microarray, a form of com-
binatorial libraries, can also be used for lead identiﬁca-
tion, as well as optimization of these leads. The impact of
microarray on medicine in the future will be signiﬁcant.
Justtomentionafew,geneticdiseaseswillberoutinelydi-
agnosed and conﬁrmed by gene chips; hundreds to thou-
sands of blood tests will be performed simultaneously on
achipusingafewdropsofbloodfromthepatient;nucleic
acids or proteins derived from a cancer specimen will be
analyzed on a chip and a correct diagnosis will be made
immediatelyand,basedontheanalysis,target-speciﬁcan-
ticancer drugs will be prescribed by the physician. In this
era of bioterrorism, the development of a chip capable of
detecting a multitude of biological or chemical agents in
the environment will be of great interest to the law en-
forcement agencies.
Challenges in this ﬁeld include the development of
novelmaterialorsurfaceswithminimalnonspeciﬁcbind-
ing of biological molecule and yet allow for speciﬁc liga-
tion of the testing molecule on the surface. Better, more
site-speciﬁc ligation chemistries for immobilization of
synthetic ligands or proteins to the solid support must
also be developed. Although it has been reported that
compounds derived from individual beads of the OBOC
library can be recovered and immobilized on glass sur-
face to form multiple replicates of chemical microarray
[76, 77], consistent recovery of enough material from ev-
ery bead and eﬃcient ligation of the minute amount of
material to the glass surface in a site-speciﬁc manner re-
mains a big challenge.
Homogenous assays are popular in drug screen but
wide application of these detection approaches to mi-
croarrays needs to be developed. In principle, the use
of plasmon resonance spectroscopy to analyze the entire264 Q. Xu and K. S. Lam 2003:5 (2003)
microarray for real-time association and dissociation
among every spot is feasible, but successful development
and commercialization of such an instrument remains
to be developed. Mass spectrometry, in principle, can be
used to (a) identify the molecular masses of all the cap-
tured molecules that bind to each of the microarray spot
without the requirement of labeling or ampliﬁcation [78]
and (b) determine the amino acid sequence of some of
the peptide fragments obtained from the captured pro-
teins. However, to achieve these goals, a more sensitive
mass spectrometer with special labeling techniques and
sampling devices will be needed. Microarray technologies
have already proven to be invaluable in the ﬁeld of ge-
nomics and proteomics and solutions to these challenges
will undoubtedly facilitate the development of clinically
useful diagnostic chips in the foreseeable future.
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